Amyloids are often associated with pathologic processes such as in Alzheimer's disease (AD), but can also underlie physiological processes such as pigmentation. Formation of pathological and functional amyloidogenic substrates can require precursor processing by proteases, as exemplified by the generation of Aβ peptide from amyloid precursor protein (APP) by beta-site APP cleaving enzyme (BACE)1 and γ-secretase. Proteolytic processing of the pigment cell-specific Melanocyte Protein (PMEL) is also required to form functional amyloid fibrils during melanogenesis, but the enzymes involved are incompletely characterized. Here we show that the BACE1 homologue BACE2 processes PMEL to generate functional amyloids. BACE2 is highly expressed in pigment cells and Bace2
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but not Bace1 −/− mice display coat color defects, implying a specific role for BACE2 during melanogenesis. By using biochemical and morphological analyses, combined with RNA silencing, pharmacologic inhibition, and BACE2 overexpression in a human melanocytic cell line, we show that BACE2 cleaves the integral membrane form of PMEL within the juxtamembrane domain, releasing the PMEL luminal domain into endosomal precursors for the formation of amyloid fibrils and downstream melanosome morphogenesis. These studies identify an amyloidogenic substrate of BACE2, reveal an important physiological role for BACE2 in pigmentation, and highlight analogies in the generation of PMEL-derived functional amyloids and APPderived pathological amyloids.
A myloids are insoluble protein or peptide aggregates with a cross β-sheet structure that are often associated with pathologic processes, such as the Aβ fibrils that correlate with neurodegeneration in Alzheimer's disease (AD). However, the amyloid fibrils can also be exploited for physiological processes. "Functional amyloids" have recently emerged in increasing numbers of physiological eukaryotic processes such as peptide hormone storage, long-term memory maintenance, and early steps of melanogenesis (1) (2) (3) . The formation of physiological and pathological amyloid can require sequential proteolysis of a precursor to release amyloidogenic fragments. For example, cleavage of the amyloid precursor protein (APP) by the β-secretase, beta-site cleaving enzyme (BACE)1, and the γ-secretase complex (4) generates the amyloidogenic Aβ peptide in AD (5) . Whether similar proteases control the formation of functional amyloid is not known. Neither BACE1 nor its close homologue BACE2, which has no role in APP processing during amyloidogenesis and few known substrates (6) , is yet known to process other amyloidogenic proteins. Given the multiplicity of amyloidogenic substrates, we hypothesized that BACE proteases play a conserved role in functional amyloidogenesis.
As an excellent candidate for BACE-dependent amyloidogenesis, we focused on the physiological amyloids derived from processing of the pigment cell-specific protein Melanocyte Protein (PMEL) (also referred as Pmel17/silver/gp100) (7) . PMEL was the first natural amyloid described in mammals and is thus far the best studied (8) . PMEL is a type I transmembrane glycoprotein specifically expressed in pigment cells of the eye and skin. These cells synthesize melanin pigments within specialized lysosomerelated organelles called melanosomes (9) . As they are synthesized in melanosomes, melanins deposit on a sheet-like matrix of amyloid fibrils, the main components of which are proteolytic fragments of PMEL. The fibrils form within endosomal precursors of melanosomes through coordinated sorting events and enzymatic processing that culminate in a conformational change that drives physiological amyloid formation by luminal PMEL fragments (8) . PMEL amyloidogenesis during the generation of early stage I and II melanosomes (10) underlies the ellipsoidal shape and striated ultrastructure of melanosomes, and facilitates melanocyte homeostasis likely by sequestering toxic intermediates in melanin synthesis as melanosomes mature (9, 11) .
PMEL transition to the amyloid form requires proteolytic processing steps (12) (13) (14) that are reminiscent of APP processing but are incompletely characterized in pigment cells (Fig. S1A) . They include (i) cleavage of the full-length transmembrane form of PMEL by a proprotein convertase (PC) into an amyloidogenic luminal Mα fragment and a disulfide-linked transmembrane domain-containing Mβ fragment (12) , (ii) further cleavage of Mβ by an "endosomal" sheddase to release Mα linked to Mβ luminal domain (i.e., Mβ-N) from the transmembrane C-terminal fragment (CTF) and to allow Mα oligomerization to form amyloid fibrils (13, 14) , (iii) further processing of Mα by unknown proteases into smaller fragments found in mature fibrils and fibrillar sheets (15, 16) , and (iv) intramembrane proteolysis of the CTF by the γ-secretase complex (13, 14) . The analogy between the processing of PMEL and APP led us to investigate the role of BACE secretases in PMEL processing and functional amyloid formation. By using in vivo, in cellulo, and in vitro assays, we demonstrate that BACE2, the major homologue of BACE expressed in pigment cells (17) , is the sheddase required for the processing of the PMEL Mβ fragment and for subsequent functional amyloidogenesis. Our results extend the role of BACE secretases to functional amyloid biogenesis and define BACE2 as an important pigmentation gene.
Results

Bace2
−/− Mice Display Pigmentation Defect. BACE1 and BACE2 mRNAs are both expressed in pigment cells, but BACE2 levels were 37-fold higher than BACE1 levels in retinal pigment epithelial cells (17) , suggesting that BACE2 is the major BACE homologue in pigment cells. To address whether BACE secretases function during melanosome biogenesis, we first tested whether Bace1 −/− and Bace2 −/− mice exhibit coat color dilution, which reflects melanogenesis defects in mice (9) . Compared with their WT littermates, previously generated Bace2 −/− but not Bace1 −/− mice (18) on a C57BL/6 background revealed a "silvery" coat color (Fig. 1A) , similar to that of mice with Pmel mutations that impair PMEL accumulation in melanosomes (19) . Coat color dilution in Bace2 −/− mice might therefore reflect impaired melanosome morphogenesis caused by the inability to produce the PMEL amyloid fibril matrix in melanosomes (20) . Consistently, morphological analysis by conventional EM of the retinal pigment epithelium (RPE) and skin melanocytes of Bace2 −/− mice revealed abnormal melanosome morphology (Fig. 1B and Fig.  S1D ), particularly in the RPE, in which melanosomes form during a limited developmental period (21) . The proportion of round melanosome profiles was significantly increased in Bace2 −/− RPE (47% in Bace2 −/− RPE vs. 29% in WT; Fig. 1C ), but the number of melanosomes per cell in WT and Bace2 −/− RPE was similar (Fig. S1B ). In addition, skin melanocytes in Bace2 −/− mice harbored unusual vacuolar compartments filled with dense unstructured aggregates, and were devoid of elongated fibrilcontaining premelanosomes (Fig. 1D ). Although melanosomes in Bace2 −/− melanocytes were densely pigmented, more than 80% of them harbored abnormal melanin deposits (Fig. S1C ). These morphological features are similar to those of RPE and skin melanocytes in PMEL mutant silver and Pmel −/− mice (11, 20) . Together, these observations demonstrate altered melanosome morphogenesis in the absence of BACE2, likely as a consequence of impaired PMEL amyloid fibril formation.
BACE2 Depletion Inhibits Formation of PMEL-Derived Amyloid Fibrils
in Cultured Melanocytic Cells. To further probe the requirement for BACE2 in PMEL-driven amyloidogenesis and melanosome morphogenesis, BACE2 was depleted by siRNA treatment in human pigmented MNT1 melanoma cells (see Fig.  4A ), a faithful model for eumelanogenesis (22) . Control and BACE2-depleted MNT1 cells were prepared by high-pressure freezing (HPF) and freeze substitution to preserve fibril structure, and thin sections were analyzed by EM (23) (Fig.  2A) . Similar to observations in PMEL-deficient melanocytes (11, 20, 24) , neither the number of stage IV melanized melanosomes nor the total melanin content was significantly reduced in MNT1 cells depleted for BACE2 (Figs. S2A and  S3A) . Moreover, the melanin-synthesizing enzyme tyrosinaserelated protein 1 was localized appropriately to mature pigmented melanosomes in BACE2-depleted MNT1 cells (Fig.  S3B) , as reported in PMEL-deficient melanocytes (11, 20) . However, BACE2 depletion resulted in a dramatic impairment of structured PMEL amyloid sheets, with a threefold decrease in the number of fibrillar stage II and III melanosomes and a sixfold increase in the number of round organelles containing unstructured aggregates (Fig. S2A) ; the latter abnormal organelles were very similar to those observed in Bace2 −/− skin melanocytes (Fig. 1D ). Because these organelles accumulated concomitantly with the loss of stage II and III melanosomes, they likely reflect a defect in early and not in late steps of melanogenesis.
To further assess how BACE2 depletion impairs amyloidogenesis, we generated 3D tomographic reconstructions from single tilt tomographic analyses of thick sections of control and BACE2-depleted MNT1 cells prepared by HPF and freeze substitution. In control MNT1 cells, PMEL fibrils begin to form in stage I premelanosomes from intraluminal vesicles and organize into parallel sheets in stage II melanosomes (23) . BACE2 depletion strongly impaired the organization of fibrils into parallel sheets, leading to accumulation of aggregates of small fibrils (Fig. 2B ). These dense aggregates contain PMEL, as indicated by immunogold labeling on ultrathin cryosections of BACE2-depleted cells using an antibody to the PMEL luminal domain (Fig.  2C ). Taken together, these observations support a requirement for BACE2 in the maturation of PMEL fibrils and their assembly into sheets. (12) of PMEL. However, immunofluorescence microscopy (IFM) of BACE2-depleted MNT1 cells using an antibody to the PMEL luminal domain revealed punctate labeling, confirming that PMEL expression and trafficking to post-Golgi compartments, per se, were not impaired (Fig. S3C) . By standard EM and immuno-EM analyses, the formation of multivesicular bodies and the sorting of PMEL to intraluminal vesicles also proceeded normally in the absence of functional BACE2 (Fig. 2C , Inset, and Fig. S2A ). Given the role of the BACE2 homologue BACE1 in APP processing to the amyloidogenic Aβ, we reasoned that BACE2 might function in processing PMEL to its amyloidogenic state. If this were true, BACE2 would be expected to localize in melanocytes to compartments in which PMEL processing occurs. By IFM, endogenous BACE2 could not be detected (even though it was detected by immunoblotting; Fig. 4A ), but overexpressed BACE2 localized to puncta that partially overlapped with labeling for the PMEL luminal domain (Fig. 3A) . To better appreciate the compartments in which PMEL and BACE2 overlapped, we performed an in situ proximity ligation assay (PLA) (25) , in which fluorescent puncta are detected only when two proteins are in close proximity (<40 nm). By using antibodies directed against BACE2 and the PMEL luminal domain, we detected punctate PLA fluorescence in MNT1 cells expressing exogenous BACE2 but not in cells expressing an empty vector (Fig. 3B ). The puncta were substantially less numerous than those labeled by IFM for BACE2 or PMEL alone. This indicates that PMEL and BACE2 are in close proximity within a subset of punctate compartments. By using immunolabeling and EM analysis of cryosections of MNT1 cells overexpressing BACE2, the compartments in which BACE2 colocalized with PMEL and CD63 [enriched in melanosomes (14)] were identified as stage I and II melanosomes (Fig. 3C) . Thus, BACE2 is present in a subset of PMEL-containing melanosomes, likely reflecting involvement of BACE2 in PMEL processing at an early stage of melanosome biogenesis.
BACE2 Releases PMEL Luminal Domain to Generate Amyloidogenic
Mα Fragment. To determine whether BACE2 functions in PMEL processing, we analyzed the effect of siRNA-mediated BACE2 depletion on the production of the different cleaved forms of PMEL in MNT1 cells. In control cells, PMEL is cleaved sequentially by a series of proteases to distinct fragments that can be detected by immunoblotting (Fig S1A) . The efficiency of each cleavage can be deduced by immunoblotting by using the αPmel-C antibody; in control cells, this antibody detected the immature core-glycosylated P1 form (90 kDa), the Mβ (28 kDa) product of PC cleaved full-length PMEL, and the CTF (10 kDa) product of the cleavage of Mβ (Fig. 4A and Fig. S1A ). By using a metabolic pulse/chase analysis of MNT1 cells and immunoprecipitation of PMEL fragments with αPmel-C antibody, we observed that treatment with the γ-secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) delays the accumulation of the CTF relative to Mβ (Fig.  S4A) ; this indicates that PC cleavage precedes sheddase cleavage. In cells treated with siBACE2#2 (which depletes BACE2 by 75%), the steady-state level of Mβ was increased nearly threefold whereas the level of CTF was decreased by 60%, indicating a defect in sheddase cleavage of Mβ (Fig. 4A) . Similar results were observed with the use of three other BACE2 siRNAs (Fig. S4B ). When they have been released from the membrane in control cells, Mα fragments assemble into Triton X-100 (TX)-insoluble fibrils (12) and undergo further proteolytic processing to smaller fragments (detected by antibodies HMB45 and I51) (16, 26, 27) (Fig. S1A) . The level of I51-detectable fragments was not affected by BACE2 depletion, but levels of HMB45-reactive fragments were reduced by 70% (Fig. 4B) . The TX-insoluble fractions were also aberrantly enriched in Mβ (detected by αPmel-C) and in misprocessed and aggregated forms of Mα (detected by αPmel-N), but not in an unrelated membrane marker (transferrin receptor; Fig. 4B ). These data indicate that normal cleavage and polymerization of PMEL is impaired by BACE2 depletion.
To test whether BACE2 is also required for PMEL cleavage in vivo, we probed cryosections of developing RPE cells from neonatal WT and Bace2 −/− mice by PLA (28) by using HMB45 and αPmel-C as primary antibodies. We reasoned that Mβ cleavage should separate the luminal HMB45 epitope on Mα from the cytoplasmic αPmel-C epitope on the CTF, reducing the PLA signal. Consistent with this prediction, very little PLA signal was observed in RPE of WT mice, but a consistent PLA signal was observed in RPE of Bace2 −/− mice ( Fig. 4C and Fig. S4C ). The increase of fluorescent puncta in Bace2 −/− mice supports the view that full-length PMEL accumulates in Bace2 −/− RPE cells as it does in BACE2-depleted MNT1 cells. By using HMB45 and αPmel-C to label ultrathin cryosections of the RPE, we also observed that both domains of PMEL recognized by these antibodies localize to unstructured melanosomes in Bace2 −/− but not in Bace2 +/+ RPE (Fig. S4D) . These data confirm the accumulation of full-length PMEL in the absence of BACE2 in vivo.
To complement analyses of BACE2 depletion, we assessed the effects of BACE2 overexpression on PMEL processing in MNT1 cells. BACE2 overexpression resulted in depletion of Mβ and accumulation of CTF at steady state (Fig. 4D) . Similarly, overexpression of BACE2 in BACE2-depleted MNT1 cells also rescued the production of CTF (Fig. S4E) . To determine whether BACE2 cleaves PMEL directly, we performed in vitro processing assays by using recombinant proteins. Treatment of full-length recombinant PMEL with recombinant BACE2 for 10 min resulted in the generation of a PMEL fragment that comigrates with PMEL CTF and that is recognized by αPmel-C antibody (Fig. 4E) . Similar results were obtained when BACE2 was added to unprocessed PMEL that was immunoprecipitated from MNT1 cell lysates by using an antibody (αPmel-I) that binds only to preprocessed PMEL isoforms (26) (Fig. 4E) . Using similar conditions, APP but not PMEL was cleaved by BACE1 (Fig. S4F) .
Finally, to confirm that the impaired PMEL cleavage in BACE2-depleted cells reflected a loss of BACE2 proteolytic activity, we treated MNT1 cells with β-secretase inhibitor IV. At high concentrations, this inhibitor acts on BACE1 and BACE2, but, at low concentrations, it blocks only BACE1 (29) . Treatment of MNT1 cells with the high concentration of β-secretase inhibitor IV, but not the low concentration, resulted in increased levels (45%) of Mβ at steady state compared with cells treated with a vehicle control (Fig. S4G) . Addition of high concentrations of β-secretase inhibitor IV also inhibited PMEL CTF production in our in vitro processing assays (Fig. 4E) . This supports the notion that the proteolytic activity of BACE2, but not of BACE1, is required for Mβ cleavage.
A previous study implicated the α-secretases a disintegrin and metalloproteinase (ADAM)10 and ADAM17 as necessary for Mβ cleavage in PMEL-expressing transfected HeLa cells (13) . However, in MNT1 cells, ADAM10 did not show intracellular colocalization with PMEL (Fig. S4H) , and treatment with siRNA to ADAM10 (Fig. S4I) or with inhibitors of α-secretases (Fig. S4G) did not consistently affect PMEL cleavage, causing only a moderate reduction of intracellular HMB45-reactive fragments. Moreover, CTF of PMEL in MNT1 cells and PMEL-expressing transfected HeLa cells did not display similar molecular weights (Fig. S4J) , and production of the CTF in PMEL-expressing transfected HeLa cells was not sensitive to BACE2 depletion (Fig. S4K) . These observations demonstrate that PMEL-Mβ follows distinct processing in PMEL-expressing transfected HeLa cells and in pigment cells. Altogether, these data demonstrate that, in pigment cells, BACE2 functions as the endosomal sheddase that cleaves PMEL-Mβ and releases the amyloidogenic PMEL luminal domain containing Mα and Mβ-N fragments that is required for subsequent processing of fibrillogenic Mα.
Discussion
Our results define a physiological and amyloidogenic substrate for BACE2 in pigment cells. Contrary to BACE1, BACE2 has no known role in Aβ generation or the etiology of AD (30) , and to date has been implicated in the degradation of Aβ (31) and in the maintenance of pancreatic β-cell function and mass through the cleavage of transmembrane protein 27 (TMEM27) (32) . Very recently, loss of BACE2 activity in zebrafish was shown to modestly influence pigmentation by an apparent alteration in melanophore migration, whereas loss of BACE1 activity had no apparent effect on pigmentation (33), consistent with the absence of hypopigmentation defect in Bace1 −/− mice. Although a migration defect could account for the coat color dilution observed in Bace2 −/− mice, we propose that hypopigmentation also reflects melanocyte mortality caused by leakage of melanin and cytotoxic intermediates, as has been proposed for PMEL-deficient silver and Pmel −/− mice (11, 34). Our work and other studies (13, 14) reveal similarities in the processing of functional and pathogenic amyloid substrates. However, we could not demonstrate a role for BACE1 in PMEL cleavage. The molecular basis for BACE subtype specificity in PMEL cleavage is not totally clear, but likely in part reflects the differential expression (17) and subcellular compartmentalization of BACE1 and BACE2 in pigment cells. Although substrate recognition also likely differs between BACE1 and BACE2, BACE2 has no known consensus recognition site (35) , and the sheddase cleavage site for PMEL that is likely targeted by BACE2 in MNT1 cells (13) shares only a single leucine with other known BACE2 substrates like TMEM27 (32), or seizure 6-like protein (35) .
PMEL sheddase activity upon ectopic expression in HeLa cells was previously ascribed to ADAM10 (13) . Although ADAM10 is expressed in melanocytes, its inhibition and/or depletion did not significantly alter PMEL processing in MNT1 cells. Similar differences between PMEL-transfected HeLa and melanocytic cells have been reported for the PC mediated cleavage of full-length PMEL (20, 36) . We speculate that this difference results from the distinct localization of ADAM10 in pigment cells and HeLa cells caused by cell type-specific regulators (37) and limitation of the proteolytic activity of ADAM10 to the plasma membrane of pigment cells and not in endosomes (38) . We therefore conclude that ADAM10 does not function in the intracellular formation of PMEL amyloid in pigment cells. However, ADAM10 might participate in PMEL shedding from the plasma membrane (36) as reported previously (13) and suggested by the persistence of low levels of the PMEL-derived CTF in BACE2-depleted cells.
Our work defines BACE2 as a tissue-specific protease and defines BACE2 as a pigmentation gene. Although numerous genetic loci in which mutations affect pigmentation have been identified (39) , genes required for early steps of melanogenesis might have been missed because their disruption causes only minor coat color alterations (11) . Moreover, our demonstration here of the generation of functional PMEL amyloid by BACE2 highlights analogies with the generation of pathogenic amyloid from APP by the highly homologous BACE1. Our work therefore strengthens the model of physiological formation of PMELderived amyloids as a template to investigate the mechanisms involved in the generation of pathological amyloid during AD. For PMEL, regulated cleavage by BACE2 within melanosome precursors likely serves as a mechanism to accurately time and compartmentalize amyloid formation within melanocytes. This regulation likely contributes to the lack of toxicity of the amyloid fibrils and of the intermediates in fibril formation toward cellular components that might be present in earlier compartments (7).
Materials and Methods
Mice. Dorsal skin and eyes from Bace1 (18) were dissected and fixed. Dorsal skin was fixed by immersion in modified Karnovsky's fixative (2% paraformaldehyde, 2% (wt/vol) glutaraldehyde, 0.06% CaCl 2 , 0.1 M cacodylate buffer, pH 7.3) at 4°C. Eyes were dissected after transcardial perfusion with ice-cold PBS solution followed with 4% (wt/vol) paraformaldehyde and 2% (wt/vol) glutaraldehyde in PBS solution, and postfixed by immersion in 0.1 M cacodylate buffer, pH 7.2, containing 2.5% (wt/vol) glutaraldehyde. Mice were housed under specific pathogen-free conditions and were used in accordance with the University of Leuven Animal Ethics Committee.
Cell Culture, Drug Treatment, Transfection, and siRNA Depletion. HeLa cells expressing PMEL and human melanocytic MNT1 cells were maintained as previously described (10, 22) . Cells were treated for 24 h with α-secretase inhibitor tumor necrosis factor-α protease inhibitor-2 (TAPI II) (Enzo Life Sciences), DAPT (Sigma Aldrich), or β-secretase inhibitor IV (Calbiochem). Cells were subjected to one round of siRNA transfection with siRNA duplex oligonucleotides as reported, and collected after 72 h (24) . MNT1 cells were transfected with plasmid constructs by using Lipofectamine 2000 (Invitrogen) following the manufacturer's recommendations, and collected after 48 h. For rescue experiment, cells were subjected to two rounds of siRNA transfection and transfected with plasmid constructs for BACE2 after 72 h and collected after 24 h. BACE2 constructs were generated and provided by B.d.S. (40) . APP cDNA was a gift of Jean-Baptiste Brault (Unité mixte de Recherche 144, CNRS, Paris, France). siRNA sequences as well as antibodies list are detailed in SI Materials and Methods.
Immunoprecipitation. TX-soluble material from MNT1 and HeLa cells was obtained as previously described (10) and precleared for 30 min by addition of 50 μL protein G-agarose beads (Invitrogen) and for 30 min by addition of 50 μL protein G-agarose beads coated with irrelevant rabbit antibody (Dako). Proteins were then immunoprecipitated by adding 50 μL protein G-agarose beads coated with αPmel-I in MNT1 lysates and antibody specific for APP luminal domain antibody in HeLa cells lysate. After 2 h at 4°C under constant agitation, beads were washed five times in lysis buffer. The immunoprecipitates were subjected to in vitro cleavage as described below in In Vitro Cleavage.
Western Blot. TX-soluble and insoluble material from MNT1 cells was obtained as previously described (10) and analyzed by Western blot as described previously (14). Signal intensities were quantified with ImageJ software.
In Vitro Cleavage. PMEL (0.40 μg), SILV human recombinant protein P01 (Abnova), or immunoprecipitates against PMEL or APP were incubated with 1.6 μg of recombinant BACE2 (Enzo Life Sciences) or with 2 μg of recombinant BACE1 (Enzo Life Sciences) in assay buffer (Enzo Life Sciences). As a control, no recombinant BACE2 was added or β-secretase inhibitor IV was added to the PMEL/BACE2 mixture. After 10 min, the reaction mixture was withdrawn, incubated in sample buffer, and analyzed by SDS/PAGE.
IFM. Untreated, drug-treated, or transfected MNT1 cells were grown on coverslips at 70% confluence and treated for IFM as previously described (14) and examined on a Leica DM-RXA2 3D deconvolution microscope equipped with a piezo z drive (Physik Instrument) and a 100× 1.4 NA PL-APO objective lens. Images are maximum-intensity z projections of 3D image stacks (except Fig. S4H , which shows a single deconvolved layer) acquired every 0.2 μm using Metamorph software (MDS Analytical Technologies) and a Coolsnap HQ cooled CCD camera (Photometrics).
PLA. BACE2-transfected MNT1 cells were fixed for 15 min in 4% paraformaldehyde/PBS solution at room temperature. Whole eyes of 5-d-old WT and Bace2 −/− mice were dissected and fixed in 4% (wt/vol) PFA/PBS solution for 2 h, washed for 10 min in PBS solution, and cryoprotected in 30% (wt/vol) sucrose for 24 h before being frozen in optimum cutting temperature compound (TBS tissue freezing medium), cryosectioned (8-μm sections), and collected on Superfrost Plus glasses (Menzel-Gläser). Fixed cells and cryosections were washed in PBS solution and blocked and permeabilized during 30 min with PBS solution/0.1% saponin/BSA 0.2%. After incubation with primary antibodies, their proximity was assayed by using the Duolink II PLA Probes and detection kit (Olink Bioscience) according to manufacturer instructions. Images were acquired as described earlier for IFM and compared with the corresponding bright-field 8-bit image. Cell counter was delineated by using the polygon selection tool in ImageJ software, and the number of dots corresponding to the PLA signal was determined by using the colocalization plug-in (Pierre Bourdoncle, Cochin Institut, Paris, France) and then object counter 3D (i.e., counting number of 3D objects in z). The mean value of PLA signal was determined on 18 cells.
EM.
For conventional EM analysis of RPE sections and dorsal skin sections, tissues from Bace2 −/− mice and WT mice were processed for epon embedding and ultrathin sections and then contrasted with uranyl acetate and lead citrate as described previously (21) . For ultrathin cryosectioning and Immunogold labeling, BACE2 MNT1-depleted cells, BACE2-Flag transfected MNT1 cells, and tissue blocks from the eyes were processed for ultracryomicrotomy and single or double Immunogold labeling using PAG10 and PAG15 as reported (22) . All samples were analyzed by using a FEI CM120 electron microscope (FEI Company), and digital acquisitions were made with a numeric camera (Keen View; Soft Imaging System).
Electron Tomography. MNT1 cells grown on carbonated sapphire discs were high-pressure frozen and processed as described previously (23, 41) . Tomographic acquisitions were made on 300-nm-thick sections. Tilt series (angular range from −65°to +65°with 1°increments) were recorded by using Xplore3D (FEI) or TEMography (JEOL) on 200-kV transmission electron microscopes (Tecnai 20 LaB6, FEI; or JEM 2200FS equipped with an Ω-filter; JEOL). A 10-eV energy window was used to record Z-loss filtered images with the JEOL electron microscope. Images (1,024 × 1,024 pixels) were recorded using a CCD camera (Temcam F214; TVIPS; or Ultrascan 894; Gatan). Tilt series alignment and weighted back-projection reconstruction were performed by using eTomo (IMOD) software (42) . PAG 10 at the surface of the sections were used as fiducial markers. Reconstructed structures were computationally identified with the isosurface selection tool in IMOD (42) .
Image Analysis and Quantification. Melanosome stages were defined by morphology (22, 43) . Quantification of the length and width of melanosomes was determined by using iTEM software (Soft Imaging System). Note the presence of both labels on melanosomes in Bace2 −/− RPE (black arrows). (Scale bar: 200 nm.) (E) Excess BACE2 restores sheddase cleavage in cells depleted of endogenous BACE2. MNT1 cells treated with siCtrl or siBACE2#2 for 72 h were transfected with BACE2 or a vector control for 24 h, and whole-cell lysates were analyzed by immunoblotting using αPMEL-C and BACE2 antibodies. Note that reexpression of BACE2 in BACE2 siRNA cells restored production of Legend continued on following page
